The bioaccumulation potential and toxicity of 2,4,6-trinitrotoluene (TNT) spiked to sediment was evaluated in juvenile sheepshead minnows (JSHM, Cyprinodon variegatus) and adult freckled blennies (FB, Hypsoblennius ionthas). The JSHM were exposed for 4 days in the presence or absence of a mesh separating fish from sediment. FB were exposed to sediment for 7 days. During the 24-day storage period (4 1C), extensive transformation of spiked TNT occurred and concentrations are expressed as the sum of TNT, aminodinitrotoluenes and diaminonitrotoluenes (SumTNT), on a dry weight basis. SumTNT in the overlying water, not exchanged during exposure, increased gradually. Survival was high (Z 90%) for JSHM exposed to 7 mg kg À 1 and FB exposed to up to 260 mg kg À 1 . All SHM died after 24 h exposure to 340 mg kg À 1 . Isolation from sediment did not significantly affect water concentrations or decrease bioaccumulation. Uptake from contact to sediment was likely negligible and bioaccumulation was from the overlying water. The feeding rate of FB exposed to 1700 mmol kg À 1 sediment suspended in water for 24-h was significantly reduced by 50%.
Introduction
Release of explosive compounds to the environment has been documented for manufacturing, handling, and disposal operations at military sites throughout the world, resulting in contamination of surface and ground waters, soils, and sediments (Talmage et al., 1999) . Contamination of sediments with explosives is also associated with the presence of unexploded ordnance and dumped ammunition in marine environments (Darrach et al., 1998; Rodacy et al., 2000; Dave, 2003; Ek et al., 2006) . The nitroaromatic explosive, TNT, was among the most abundantly produced explosive manufactured worldwide over the last century. Its release to surface water and groundwater has been mostly from runoff and leaching from storage and disposal areas, as well as release from receiving lagoons at munitions production and processing facilities (Fuchs et al., 2001) . Reduction of the nitro-groups to amino-groups typically follows introduction of TNT to soils (Pennington and Brannon, 2002) and sediments . The major aminated metabolites of TNT are 2-aminodinitrotoluene (2-ADNT) or 4-aminodinitrotoluene (4-ADNT) and 2,4-diaminonitrotoluene (2,4-DANT) or 2,6-diaminonitrotoluene (2,6-DANT) (Elovitz and Weber, 1999; Pennington and Brannon, 2002 ).
Trinitrotoluene and its major transformation products have demonstrated toxic effects on fish and benthic invertebrates as reviewed in Nipper et al., 2009 and Lotufo et al., 2009 . Therefore, the presence of those compounds in aquatic systems may pose ecological risks and could represent a significant remediation challenge (Robidoux et al., 2003) .
The toxicity and bioaccumulation of sediment-associated TNT and its transformation products have been reported for a variety of invertebrates ). However, reports of bioaccumulation and toxicity of sediment-associated explosives to fish has not been reported in the available literature.
Fish can bioaccumulate sediment-associated contaminants through direct uptake from benthic prey, directly from bed sediment particles through ingestion or dermal contact, and also from the overlying water via suspended sediment particles or the dissolved phase. Direct contact with sediment surfaces resulting in uptake of hydrophobic organic contaminants in benthic fish has been reported (e.g., Hellou et al., 1994 Hellou et al., , 1995 Smith et al., 1996) and therefore could be a potential route of exposure for explosive compounds.
The objective of the present study was to evaluate the potential for sediment-associated TNT to bioaccumulate and promote lethal effects in two species of fish, sheepshead minnows (SHM, Cyprinodon variegatus) and freckled blennies (FB, Hypsoblennius ionthas). The contribution of direct uptake from contact with the sediment surface relative to the contribution from uptake from overlying water was investigated. Exposed organisms were evaluated for the presence of TNT and its transformation products in their tissues. Due to the tendency for TNT to rapidly undergo transformation to products that are not typically identified by chemical analysis or that covalently bind to sediment and tissues (Rosen and Lotufo, 2005) , radiolabeled TNT was used in one of the experiments described here, for which a combination of radioactive tracing and traditional chemical analysis was used to better evaluate the fate of TNT in both sediment and tissues. Toxicity data, expressed as sediment, overlying water, and whole body concentrations reported here, are useful for ecological risk assessments of explosives and unexploded ordnance contamination in marine and estuarine environments.
Material and methods

Experimental organisms
Laboratory-cultured 8-week-old juvenile SHM (JSHM) were purchased from Aquatic BioSystems (Fort Collins, CO) and shipped overnight to the US. Army Corp of Engineer's Research and Development Center, Vicksburg, MS, approximately one week before exposure initiation. Fish were maintained in 20 psu reconstituted seawater (RSW, Crystal Sea s , Marine Enterprises International, Essex, MD) at 23 1C throughout culturing and experimental procedures. Sheepshead minnows are abundant in estuaries along the southeastern and eastern coast of the United States and are widely used in routine toxicity testing of whole effluent and receiving waters (ASTM, 1999) as well as in ecotoxicological research (e.g., Manning et al., 1999; Klerks and Moreau, 2001; Lytle et al., 2003; Jonsson et al., 2004) .
Adult FB were collected from an oyster hatchery on the bay side of Grand Isle (Louisiana) on two occasions in August and September of 2003. Sources of contamination by energetic compounds are unknown for that area. Bags of oysters held in shallow water were lifted onto a net and the FB that fell from the bags were collected. FB were maintained in the laboratory in 20-gallon aquaria containing 25 psu RSW at 25 1C. The fish were fed daily with Hikari s (Hayward, CA) tropical marine fish food. Oyster shells were added to the aquaria to provide shelter. The FB are common in tropical and sub-tropical marine nearshore environments. They typically inhabit the space among oyster shells associated with reefs and typically measure 4 cm in length as adults (Crabtree and Middaugh, 1982) . They seek structure when added to an aquarium and tend to be sedentary, frequently staying in one location for extended times. When added to a beaker with sediment and oyster shell, they swim under the shell and maintain extended contact with the sediment.
Experimental fish used in this study were treated humanely, and their use did not violate regulations per the Department of Defense document, ''The Care and Use of Laboratory Animals in DOD Programs'' (SECNAVINST 3900.38C).
Chemicals
Non-labeled trinitrotoluene (TNT) was purchased from Sigma Chemical (St. Louis, MO 
Sediment
Sandy sediment was collected from a pristine site in Grand Isle, LA and finegrained sediment was collected from a pristine site in the vicinities of the Louisiana Universities Marine Consortium in Cocodrie, LA. Both sites are distant from known anthropogenic sources of contamination. The two sediments were mixed to create sediment with the appropriate texture for laboratory spiking and use in fish exposure experiments. The total organic carbon content of the sediment was 1.1%. ) via high-performance liquid chromatography (HPLC) analysis of acetonitrile extracts. Radioactivity measured in the exposure media (sediment and overlying water) and in tissues was expressed as molar equivalents of TNT (mmol kg À 1 ) by dividing the measured radioactivity by the specific activity derived from the appropriate dosing solution. Dosing solutions were added to sediment via clean quartz sand. Each dosing solution was added to 30 g of dry sand contained in an aluminum weigh boat under a fume hood. After evaporation of the solvent (approximately 30 min), TNTcoated sand was added to a 4-L beaker containing 2.5 kg of sediment. Sediment and sand were then vigorously mixed for 4 h with a laboratory impeller mixer (Lightnin, Avon, NY). Spiked sediments were stored at 4 1C in the dark for a total of 24 days before use in the experiment. The sediment was used in the exposures after 24 days in storage for consistency purposes with unlabeled TNT experiments (as described in Section 2.5, upon verifying relatively steady concentrations of TNT and its major transformation products in the sediments). Sediments were sampled for radioactivity and concentration of TNT and its major transformation products immediately before use in the experiment.
Approximately 200 g of spiked sediments (Low and High and control treatments) were added to 1-L beakers, with eight replicates per treatment. Approximately 600 mL of 20 psu RSW was then added with minimal disturbance. Four beakers per treatment received a piece of 1-mm pore size Nitex mesh that created a barrier midway in the water column to prevent fish from having direct contact with the sediment surface. The disk-shape Nitex mesh with a diameter slightly higher than the inner diameter of the beaker was kept in place by its natural pressure against the beaker inner wall. Each sediment treatment yielded two secondary treatments, screened (S) and non-screened (NS).
Each experimental beaker received 10 fish weighing 30-50 mg each. Beakers were maintained in a water bath under gold fluorescent light at 23 1C. The exposure duration was 4 days and fish were not fed. Water (sampled daily) and sediment (sampled at experiment initiation and termination) were analyzed for radioactivity and concentration of TNT and its main breakdown products. At exposure termination, surviving fish from each beaker were enumerated, killed by pithing, weighed, and extracted for whole body residue determination. Tissue concentrations were measured as total TNT-molar-equivalents, determined using radioactivity, and molar amounts of HPLC-quantifiable compounds. This experiment was conducted at the US Army Engineer Research and Development Center (Vicksburg, MS). ) (High treatment) on a dry-weight basis. TNT was delivered to the sediment via coated quartz sand followed by 4 h of vigorous mixing. Spiked sediments were stored at 4 1C and sampled after 8, 13, 19 and 24 days for chemical analysis. The sediment was used in the exposures after 24 days in storage upon verifying relatively steady concentrations of TNT and its major transformation products in the sediments (Fig. 1 ).
Freckled blenny toxicity and bioaccumulation experiment
Two sediment exposures using different batches of field-collected fish were conducted, one lasting 1 day and the second, 7 days. The second exposure was performed within a week from the initiation of the first experiment.
Spiked sediments (200 g) followed by 25 psu RSW (600 mL) were added to 1-L beakers with minimal disturbance of the sediment. One fish was added to each beaker. Four replicates were used in the 1-day exposure and seven replicates were used in the 7-day exposure for each treatment. Beakers were maintained in an environmental chamber in the dark at 23 1C to prevent photodegration of TNT. Fish in the 7-day exposure were fed frozen brine shrimp daily. Each beaker received trickle aeration. The overlying water was not exchanged during the exposures. At exposure termination, overlying water and surviving fish were sampled from each beaker, killed by pithing, and stored for chemical analysis at 4 and À 20 1C, respectively. This experiment was conducted at Louisiana State University (Baton Rouge, LA). ). Each dish received one fish weighing 0.5-3.0 g. Ten replicates were used for each treatment. Fish were exposed to suspended sediment for 24 h before prey were added to the dishes. Two of the treatments used in the FB toxicity and bioaccumulation experiment (control and high TNT treatment (target spiked concentrations of 0 and 1320 mmol kg À 1 dry wt)) were used for the feeding experiment. Twenty live adult amphipods, Hyalella azteca, acclimated to 25 psu seawater, were added to the feeding arena as prey organisms. Fish were allowed to feed for one hour, after which they were removed from the dish. The whole contents of the dish were sieved and the remaining amphipods representing those not preyed upon by the fish were removed and enumerated.
Freckled blenny feeding experiment
Chemical analysis 2.7.1. Sediment extraction
Sediment samples were not air-dried before extraction, as recommended by Nipper et al. (2004) for related compounds, to minimize potential degradation to unknown and solvent-resistant degradation products. For each sediment sample, three subsamples (0.05-0.1 g) were assayed for radioactivity as described below and one sample (5 g) was vigorously mixed with 10 mL of acetonitrile and sonicated for 18 h (Branson 3200, Branson Ultrasonics, Danbury, CT) in an 18 1C water bath (Neslab RTE-111, Neslab Instruments, Newington, NY). The extract was recovered, filtered through polytetrafluoroethylene (PTFE) syringe filters (Nalge Nunc, Rochester, NY), and mixed with ultrapure water on a 1:1 ratio by volume. Analytes in the extract were quantified as described below. Sediment moisture content was determined in triplicate samples by the weight ratio of wet and ovendried sediment overnight at 55 1C.
Overlying water samples
Overlying water was sampled directly from the exposure beaker. Conventional analysis of water was performed as described in Section 2.7.5 and water samples were assayed for radioactivity as described in Section 2.7.5.
Tissue extraction
The JSHM were transferred to polypropylene bead-beater vials. Each vial received 100 mg of 1-mm glass beads and 0.75 mL of HPLC grade acetonitrile. Samples were homogenized using a mini bead-beater (Biospec, Barttlesville, OK) for 100 s at 4200 oscillations min À 1 and placed on ice. The sonicated samples were then centrifuged for 10 min at 4 1C. A 0.05 mL sample of the supernatant was quantified for radioactivity as described below. A 0.5 mL sample of the supernatant received 0.5 mL of 1% CaCl 2 and was sonicated for 1 h in an 18 1C water bath. The sonicated samples were filtered through 0.45 mm PTFE syringe filters into amber sample vials and analyzed as described below. FB stored frozen were thawed and sliced into pieces using a scalpel and homogenized in 5 mL of acetonitrile using a Brinkman Polytron PT3000 (Brinkman Instruments, Westbury, NY) homogenizer. Fish homogenates were centrifuged (250 g) for 15 min at 4 1C and 1 mL of the supernatant received 1 mL of 1% CaCl 2 and were sonicated for 1 h in an 18 1C water bath. The sonicated samples were filtered through 0.45 mm PTFE syringe filters into amber sample vials. Analytes were quantified as described below.
Analytical chemistry
The compounds TNT, 2-ADNT, 4-ADNT, DANTs (concurrent detection of 2, 4-DANT and 2,6-DANT isomers) in aqueous samples and solvent extracts were separated and quantified by high-performance liquid chromatography (HPLC) following a modification of US Environmental Protection Agency SW-486 Method 8330. Analyses were conducted with an Agilent 1100 Series HPLC (Palo Alto, CA) equipped with a Supelco RP-Amide C-16 column and a diode array detector.
Sample injection volume was 100 ml with a flow rate of 1 mL/min and column temperature of 45 1C. An isocratic mobile phase consisting of 55% methanol and 45% water was utilized. Absorbance intensities were measured at 230 and 254 nM. Peak identification was based on retention time with spectral analysis confirmation. The laboratory reporting limit for all analytes was 3 mmol kg À 1 dry wt ($ 0.6 mg kg
) for water samples, and 5 mmol kg À 1 wet wt ($ 1 mg kg À 1 ) for tissue samples. Recoveries of TNT ranged from 90 to 98%.
Radioactivity assay
Aqueous samples were placed in a xylene-based scintillation cocktail (3a70b, Research Product International, Mt. Prospect, IL) and assayed for radioactivity on a Tri-Carb liquid scintillation analyzer (Model 2500 TR, Packard Instrument, Meridien, CT). Sediment (approximately 50 mg) was disrupted in a scintillation cocktail using a Branson Sonifier 450 high-intensity probe-sonicator (Danbury, CT) and stored for 24 h before radioactivity analysis.
Presentation of analytical data
The LSC-and HPLC-quantified chemical analyses data were used to determine concentrations expressed as:
Single-compound concentrations: represent the molar concentration of compounds that were identified and quantified using HPLC.
Quantified compounds sum concentration: represent the molar concentration of compounds that were identified and quantified using HPLC. Referred to as Sum HPLC.
Total molar-equivalents sum concentration: represent the sum-molar concentration of TNT and all transformation products quantified using LSC and specific activity of radiolabeled TNT. Referred to as Sum LSC.
Results
Sheepshead minnow toxicity and bioaccumulation experiment: effect of sediment contact
The initial Sum LSC sediment concentrations were substantially (3-10 times) higher than Sum HPLC sediment concentrations for both treatments and indicated the presence of extraction-resistant non-identified transformation products in the sediment (Table 1) . For the Low treatment sediment, DANTs were the dominant HPLC-identified compounds at exposure initiation and the only HPLC-identified compounds at exposure termination (Table 1) . The compounds TNT, 2-ADNT, 4-ADNT and DANTs were detected in sediment solvent extracts for the High treatment (Table 1) at exposure initiation and termination again using HPLC-identified compounds.
The mean Sum LSC concentrations in the overlying water increased during the exposure period (Fig. 2) for both Low and High treatments, but were substantially higher (approximately 40 times) in the High treatment at experiment termination. Only DANTs were detected in the overlying water of the Low treatment beakers while TNT, 2-ADNT, 4-ADNT and DANTs were detected in the High treatment (Fig. 2) . The Sum LSC concentration was only slightly higher than the Sum HPLC concentration for the High treatment, indicating that non-identified compounds made up only a small fraction of the total concentrations in overlying water (Fig. 2 and Table 2 ). For the Low treatment, however, the difference between Sum LSC and Sum HPLC concentrations indicates that most of the TNT transformation products in the water were non-identified compounds (Fig. 2 and Table 2 ).
The presence of the screen separating the fish from the sediment did not significantly affect the Sum LSC and Sum HPLC concentrations in the water or sediment at termination of the experiment as indicated by pairwise comparisons between screened and nonscreened treatment replicate data (Student's t-test, po0.05).
The total amount of Sum HPLC associated with the sediment phase (including pore water) and overlying water was determined at experiment termination using water and sediment Sum HPLC concentration data and their approximate mass in the beaker. Most of the compounds in the beaker were associated with the sediment, with approximately one-third of the total mass in the beaker residing in the overlying water in beakers without screen and with the screen.
Mean survival was high (Z90%) in the control and in the Low treatment with the screen and without the screen. Fish surviving the 4-day exposures were used for chemical analysis of tissues. All JSHM died within the first 24 h of exposure in the High treatment. Those dead fish were analyzed for body residue. Body residues (Table 3) in fish from the screened treatments were significantly higher than in fish from the non-screened treatment in the Low treatment (Student's t-test, po0.05) but not statistically different from fish from non-screened treatments in the High treatment (p=0.182). Body residues determined using HPLC were below method detection limit in fish from the Low treatment. Only ADNTs were detected in fish sampled from the High treatment (Table 3) .
The bioconcentration factor (BCF) is the ratio of the concentration of chemicals in an aquatic organism to the concentration in the surrounding water and is the most frequently used indicator of a compound's propensity to bioaccumulate in aquatic organisms. Although BCFs are typically determined for single compounds, BCF values are reported here for Sum LSC, and Sum HPLC tissue and water concentrations (Table 4) . For the High treatment, values were determined using day 1 data because of full fish mortality during the first day of exposure. For the Low treatment, day 4 body residue and water chemistry data were used. The BCF values were not statistically different between fish from non-screened and screened treatments in both Low and High treatments using Sum LSC values and for the High treatment using HPLC-measured values or between fish from Low and High treatments in both nonscreened and screened treatments (Student's t-test, p40.1).
Freckled blenny toxicity and bioaccumulation experiments
Spiked TNT degraded rapidly to aminated breakdown products during storage (Fig. 1) . The concentration of SumTNT decreased sharply in the Low and Medium treatments and moderately in the High treatment. Transformation processes apparently occurred at a much slower rate after 8 days of storage in the Medium and High treatments. At termination of the 24-day storage period, Sum HPLC measured concentrations were lower than the target Table 1 Sheepshead minnow sediment experiment. Mean sediment concentrations of sum concentration of TNT and its transformation products measured using liquid scintillation counting (Sum LSC) or solvent extraction and high-performance liquid chromatography (Sum HPLC), and mean percent of the Sum HPLC concentration corresponding to TNT, 4-ADNT, 2-ADNT and DANTs. S= screened, NS =non-screened. Numbers in parentheses correspond to a value of 1 standard deviation. concentrations and DANTs were the sole compounds detected in the Low and Medium treatments and 2-ADNT was the dominating compound in the High treatment (Table 5) . Measured Sum HPLC concentrations in the sediment at termination of the 1-and 7-day exposures were lower than target concentrations, with the ratio of measured-to-target concentrations decreasing with increasing spiking concentration; the transformation product DANTs were the only detectable compounds in the Low and Medium treatments, whereas both DANTs and ADNTs were present in similar concentrations in the High treatment for both exposures (Table 6 ). Four replicates per treatment were assessed at termination of the 1-and the 7-day exposures.
The Sum HPLC concentration in the overlying water at exposure termination was below detection limit in the Low treatment and was higher in the 7-day exposure for the two other treatments (Table 7) , but the difference was significantly different only for the Medium treatment. DANTs were the only transformation products detected in the Medium treatment in both exposures and in the High treatment in the 7-day exposure, whereas both DANTs and ADNTs were present in the High treatment in the 1-day exposure (Table 7) . At termination of the 1-and 7-day experiments, approximately 20% of the total amount of Sum HPLC in the beakers was in the overlying water in the Medium and High treatments.
The sum amount of ADNTs and DANTs associated with the sediment phase (including pore water) and overlying water was determined at experiment termination using water and sediment concentration data and their approximate mass in the beaker. Most of the compounds in the beaker were associated with the sediment, with approximately one-fifth of the total mass in the beaker residing in the overlying water for the Medium and High treatments, and but no detectable fraction present in the water of the Low treatment beakers.
No fish mortality occurred in the 1-day exposure. In the 7-day exposure, mortality of the single fish present in each replicate (three in the control and two in each TNT treatment) occurred in beakers where aeration failed overnight at day 2. Therefore, mortality was likely caused by oxygen depletion rather than to the presence of TNT and its transformation products in the sediment.
Four whole-fish replicates per treatment were assessed for body residues at termination of the 1-and the 7-day exposures. Detectable concentrations of TNT transformation products were present in tissues only of fish exposed to the High treatment (Table 8 ). The dominating compound in the tissues was 2-ADNT for the 1-day exposure whereas DANTs were the dominant compounds for the 7-day exposure. Water and tissue Sum HPLC concentrations at exposure termination were used for determining BCFs values (Table 8) .
Freckled blenny feeding experiment
The number of amphipods ingested by FB was significantly lower (Students t-test, po0.05) in the TNT-contaminated treatment (6.7 71.9, mean71 standard deviation) than in the control (12.473.2) during the 1-h exposure to suspended sediment.
Discussion
Fate of TNT
TNT spiked to sediments degraded rapidly to aminated breakdown products during storage in both experiments. Extensive Table 2 Sheepshead minnow sediment experiment. Mean overlying water concentrations of sum concentration of TNT and its transformation products at experiment termination measured using liquid scintillation counting (Sum LSC) or solvent extraction and high-performance liquid chromatography (Sum HPLC), and mean percent of the Sum HPLC concentrations corresponding to TNT, 4-ADNT, 2-ADNT and DANTs. S =screened, NS= non-screened. Numbers in parentheses correspond to a value of 1 standard deviation.
Treatment
Sum LSC (mmol L 
Table 3
Sheepshead minnow sediment experiment.Mean body residues of TNT and its transformation products measured using liquid scintillation counting (Sum LSC) or solvent extraction and high-performance liquid chromatography (Sum HPLC), and mean percent of the Sum HPLC concentrations corresponding to TNT, 4-ADNT, 2-ADNT and DANTs. Numbers in parentheses correspond to a value of 1 standard deviation. S= screened, NS= non-screened. BDL indicates concentration below laboratory detection limit. ND indicates not determined because of insufficient mortality or data. 
Table 4
Sheepshead minnow sediment experiment.Mean bioconcentration factor (BCF) values for the sum concentration of TNT and its transformation products as measured using liquid scintillation counting (Sum LSC) or solvent extraction and high performance liquid chromatography (Sum HPLC). S= screened, NS = nonscreened. Numbers in parentheses correspond to a value of 1 standard deviation. ND indicates not determined because of lack of body residue data. transformation of TNT to aminated transformation products occurred following spiking of sediments used in the SHM and FB experiments. Formation of aminated breakdown products was previously reported when TNT was spiked to marine or estuarine sediments (Rosen and Lotufo, 2005) Lachance et al., 2004) . The transformation of TNT to 2-ADNT over that to 4-ADNT was favored, unlike previous observations following TNT spiking to sediments (Conder et al., 2004; Rosen and Lotufo, 2005) , where transformation to 4-ADNT was favored. Reduction to 4-ADNT is thermodynamically preferable, as predicted based on the findings of McCormick et al. (1976) . The reasons for the observed higher concentration of 2-ADNT than a Expressed on dry-weight basis.
Table 6
Freckled blenny sediment experiment. Mean sum concentrations of TNT and its transformation products in sediments at termination of the 1-day and 7-day exposures, and mean percent of the sum concentrations corresponding to TNT, 4-ADNT, 2-ADNT and DANTs. Numbers in parentheses correspond to a value of 1 standard deviation. BDL indicates concentration below laboratory detection limit. Table 8 Freckled blenny sediment experiment. Mean sum concentrations of TNT and its transformation products in fish tissues at termination of the 1-and 7-day exposures, mean percent of the sum concentrations corresponding to TNT, 4-ADNT, 2-ADNT and DANTs, and mean bioconcentration factor (BCF) values for the sum concentrations of TNT and its transformation products. Numbers in parentheses are 1 standard deviation. ND indicates not determined because of lack of body residue data. Numbers in parentheses correspond to a value of 1 standard deviation. BDL indicates concentration below laboratory detection limit. to 4-ADNT in the TNT-spiked sediment used in this study are unknown.
In both experiments, the Sum HPLC concentrations were lower than the target concentrations for the sediments. For sediment spiked with radiolabeled TNT used in the SHM experiment, the LSC-measured sediment concentrations were substantially higher than HPLC-measured sediment concentrations, but were similar to the target concentrations. The differences between LSC-measured and HPLC-measured concentrations and between target and HPLCmeasured concentrations indicate that a large fraction of the spiked compound was rapidly transformed to extractable compounds that were non-identifiable using HPLC (i.e, compounds other than TNT, ADNTs and DANTs) or became so strongly associated to sediment particles that they were non-solvent extractable. Highly reactive aminated transformation products of TNT, either formed due to transformation of the parent compound or directly spiked to the sediment, have been reported to form covalent bonds with organic molecules in soil or sediment particles, especially humic acids, as has been observed in soils (Achtnich et al., 1999; Thorn and Kennedy, 2002; Eriksson et al., 2004) .
In both experiments, the ratio between the measured and the expected concentrations of nitroaromatic compounds increased with increasing target concentrations. A similar inverse relationship between spiking level and degree of transformation and disappearance has been previously observed for TNT and related compounds in sediments (Lotufo et al., 2001; Steevens et al., 2002; Conder et al., 2004; Lotufo and Farrar, 2005) and likely resulted from inhibition of microbial transformation as well as saturation of sites on the particles where covalent binding occurs.
Movement of TNT and related compounds from the sedimentporewater phase into the overlying water occurred during the static exposures in this study and has been reported previously (Lotufo et al., 2001; Rosen and Lotufo, 2005) . Such movement of TNT has been attributed mostly to compound transfer from the porewater phase to the overlying water phase (Rosen and Lotufo, 2005) . Even though JSHM in direct contact with the sediment (no-screened treatment) created enough sediment resuspension to occasionally obscure the presence of fish in the beaker, the concentration of dissolved compounds were not significantly higher than in the screened treatment where no bioturbation occurred. Increased concentration in water due to bioturbation, and consequently higher body residues, were obtained when fathead minnows were exposed to sediment (2% organic carbon content) spiked with benzo(a)pyrene (McCarthy et al., 2003) , a substantially more hydrophobic compound. The differences in bioturbation effect between sediment-spiked SumTNT and benzo(a)pyrene in those studies are likely mostly explained by the differences in hydrophobicity, as the weakly hydrophobic TNT and its transformation products readily partition to the water column in the absence of bioturbation and the highly hydrophobic benzo(a)pyrene partions more efficiently with the greater degree of mixing of sediment and water generated by the presence of fish.
Bioaccumulation and toxicity
The only compounds detected in the exposure water of the Low treatment in the SHM experiment were DANTs. Those compounds, however, were not detectable in the tissues. Differences between the Sum LSC and Sum HPLC concentrations indicate that non-identified compounds were present in the water at a sum concentration exceeding that of DANTs. The presence of radioactivity in fish exposed to that treatment indicates that uptake of non-identified compounds occurred. The mean Sum LSC BCFs obtained for JSHM exposed to the Low treatment (6.3 and 8.6 L Kg ) (Lotufo and Lydy, 2005) , revealing the higher bioaccumulative potential of those non-identified compound relative to DANTs. In the High treatment, TNT, ADNTs and DANTs were present in the exposure water but only the ADNTs were detectable in whole-body extracts. Although fish were sampled less than 24 h from the onset of mortality, body residue data presented for that exposure should be viewed with caution since changes in body residues likely occurred between the onset of death and sampling of the fish. Such changes likely explain the lower ADNT BCFs for those fish relative to values previously reported for 2-ADNT (13.1 L Kg À 1 ) (Lotufo and Lydy 2005) . FB were exposed to ADNTs and DANTs via the overlying water during the 7-day exposure period. These compounds were also present in whole-body extracts of the fish exposed during the 7-day exposure period. When the BCF values determined for FB are compared with the Sum HPLC BCFs determined for JSHM in this study and previously in water exposures (Lotufo and Lydy, 2005) , the BCF values are consistent with predicted bioaccumulation from the water.
Contact with the sediment surface and to sediment resuspended by bioturbation did not result in higher body burdens of SumTNT compared to JSHM separated from the sediment by a mesh. The bioaccumulation of TNT transformation products in FB directly exposed to sediment appeared to result solely from bioconcentration from the overlying water. These results indicate that direct contact with the sediment bed or resuspended sediment is a not relevant route of exposure to near-bottom fish.
This result for nitroaromatic compounds is in contrast with results obtained during studies of similar organic contaminants including PAHs, PCBs and other persistent organic pollutants, where it was reported that direct contact with sediment surfaces resulted in uptake by benthic fish (Stein et al., 1984; Hellou et al., 1994 Hellou et al., , 1995 Smith et al., 1996; Moermond et al., 2004; Fragoso et al., 2006) . The body residue of benzo(a)pyrene via dermal contact, evaluated using anesthetized catfish (Ictalurus punctatus) placed directly on spiked sediment, was several times higher than in fish not in direct contact with the sediment (Smith et al. 1996) .
Since bioaccumulation of TNT and its transformation products in fish exposed to spiked sediments in this study was likely from the water phase, previously published aqueous toxicity data are used for interpretation of the toxicity data reported here. The aqueous concentration of TNT and 2-ADNT in the water of the High treatment of the SHM experiment much exceeded the 5-day no observed effects concentration (NOEC) values for those compounds in water exposures (1.5 and 4.0 mg L À 1 , respectively) (Lotufo and Lydy, 2005) . Therefore, mortality was expected at the measured water concentrations in this study. The concentrations of ADNTs and DANTs in the overlying water measured in the FB experiments were below the NOEC values for 2-ADNT and 2,4-DANT reported for JSHM in water exposures (4.0 and 56 mg L À 1 , respectively) (Lotufo and Lydy, 2005) . Assuming that FB are similarly sensitive to these compounds as JSHM, contaminantrelated fish mortality in this study was not expected or observed.
Suspended sediment spiked with TNT at sublethal concentrations had strong effects on feeding behavior of FB. Sediment spiked with PAHs had a similar effect in darter goby, Gobionellus boleosoma (Gregg et al., 1997) . It is likely that such reductions in feeding rate affect the fitness of blennies and other small benthic fishes (Gregg et al., 1997) .
Conclusions
The aging of spiked sediments prior to exposure promoted a dramatic reduction of sediment TNT concentration. Contaminant concentrations measured using radioactivity were higher than those measured using HPLC analysis of solvent extracts, indicating the incidence of covalent binding and transformation of TNT to unidentified transformation products. Similar bioaccumulation of TNT and its transformation products by fish exposed directly to sediment and fish prevented from direct access to sediment provides evidence that direct contact with bed or resuspended sediment are not likely relevant routes of TNT exposure to near-bottom fish. Lethal toxicity to fish in sediment exposures was only observed when overlying water concentrations exceeded aqueous toxicity thresholds for TNT and its transformation products. Adverse effects of TNT to bottom-dwelling fish may occur when sediment acts as a source of contaminants to the overlying water. Because of extensive dilution of sediment-associated contaminants partitioning into the water column in marine environments, however, toxic concentrations are unlikely to occur near the sediment/water interface .
